We describe a new method for accurately defining the sequence recognition properties of DNA-binding proteins by selecting high-affinity binding sites from random-sequence DNA. The yeast transcriptional activator protein GCN4 was coupled to a Sepharose column, and binding sites were isolated by passing short, random-sequence oligonucleotides over the column and eluting them with increasing salt concentrations. Of 43 specifically bound oligonucleotides, 40 contained the symmetric sequence TGA(C/G)TCA, whereas the other 3 contained sequences matching six of these seven bases. The extreme preference for this 7-base-pair sequence suggests that each position directly contacts GCN4. The three nucleotide positions on each side of this core heptanucleotide also showed sequence preferences, indicating their effect on GCN4 binding. Interestingly, deviations in the core and a stronger sequence preference in the flanking region were found on one side of the central C G base pair. Although GCN4 binds as a dimer, this asymmetry supports a model in which interactions on each side of the binding site are not equivalent. The random selection method should prove generally useful for defining the specificities of other DNA-binding proteins and for identifying putative target sequences from genomic DNA.
A frequent goal in molecular biology is to define the nucleotide sequences required for binding by a specific transcriptional regulatory protein. One approach is to collect wild-type binding sites which occur in biologically related contexts. Sequences responsible for a particular function may then be recognized by their occurrence in most of the identified sites. However, the collection and identification of these sequences can be difficult, and the results will be biased if some of the sequences encode functions other than the one of interest. Another approach is to analyze mutated versions of a given binding site to determine which positions are functionally important. However, this method requires a large number of mutant sites and is biased by the starting wild-type sequence; related sequences which may bind the protein will not be studied.
Random-sequence oligonucleotides have proven to be a useful tool for identifying and defining the sequence requirements of other genetic elements (4, 11, 14, 16, 17) . The isolation of functional elements from random-sequence DNA, termed random selection, can be done quickly and with many advantages not applicable to the study of wildtype elements. First, the number of elements generated is sufficiently large to define the element precisely. Second, each sequence is very likely to contain a highly functional example of the element of interest. Third, confounding (nonrelated) elements are unlikely to be present in the surrounding DNA. Fourth, elements are localized to short, easily sequenced segments of DNA and hence are more likely to be seen over random noise.
In this paper, we describe a modification of the randomselection technique (16, 17) that makes it possible to determine the sequence requirements for a DNA-binding protein. oligonucleotides. In vitro selection with a purified DNAbinding protein ensures that the selected sequences provide a function defined by a single protein-DNA interaction. By this method, the sequence recognition properties of the yeast GCN4 transcriptional activator protein have been accurately defined.
GCN4 is a 281-amino-acid protein that binds to the promoter regions of many yeast amino-acid-biosynthetic genes and activates their transcription during conditions of amino acid starvation (1, 6) . GCN4 binds as a dimer, and the 60 C-terminal amino acids are sufficient for dimerization and for specific DNA binding (7, 8) . At its extreme C terminus, GCN4 contains a leucine zipper motif (four leucine residues spaced seven residues apart) that is found in CEBP and several oncoproteins and has been proposed to be involved in dimerization (13) . Moreover, the GCN4 DNA-binding domain shows about 45% sequence identity to the Juill oncoprotein (26) , and GCN4 and jliI bind to similar DNA sites (24) . The 25-residue region adjacent to the leucine zipper is highly conserved between GCN4 and jin and hence is likely to be involved in specific protein-DNA contacts.
The GCN4 recognition sequence has been investigated by detailed mutagenesis of the binding site in the wild-type his3 promoter (5) . Of the sequences analyzed, optimal binding was observed to DNA with the 9-base-pair (bp) symmetric sequence ATGA(C/G)TCAT, a sequence that differs by a single base pair from the wild-type HIS3 site. This optimal binding site closely resembles putative binding sites from 15 GCN4-regulated genes. The symmetric nature of the recognition sequence and the fact that GCN4 binds as a dimer strongly suggest that the protein-DNA complex consists of two protein monomers interacting with adjacent half-sites.
However, from the odd number of residues in the element and from the observation that mutation of the central C G base pair in the his3 site to G C strongly reduced binding, we suggested that the GCN4 recognition sequence may have an inherent asymmetry (5, 8) .
Current knowledge of the GCN4-binding site, although considerable, is insufficient to allow the prediction of protein binding simply by DNA sequence analysis. The relative importance of the positions in the 9-bp sequence and the contributions of flanking sequences is unclear, and the asymmetric nature of the binding site remains to be clarified. In the work described in this paper, we used a novel variation of the random selection method involving in vitro selection of binding sites to obtain a more accurate definition of the GCN4 recognition sequence. The results can be used for predicting GCN4-binding sites and are also discussed in terms of models for the protein-DNA interaction and of the general applicability of the method.
MATERIALS AND METHODS
Construction of DNA molecules. The DNA fragment encoding GCN4 was a derivative of pSP64-Sc4342 (7) that was adapted for expression in Escherichia coli by replacing sequences upstream of the initiator ATG codon with the oligonucleotide GAATTCCTCGACTCTAGAAAGGAGG TACGATC. This fragment was cloned into the EcoRI site of pRK7, a derivative of pKC30 (18) in which an EcoRI site has replaced the HpaI site. The resulting plasmid, pRK7-GCN4, was introduced into E. coli C600(pJL23), which contains the temperature-sensitive X repressor c1857, such that GCN4 synthesis can be induced by a temperature shift.
Purification of GCN4. GCN4 was purified from E. coli cells by a modification of an unpublished procedure developed by C. R. Wobbe in this laboratory. E. coli C600(pJL23)(pRK7-GCN4) cells (18 liters) were grown and induced for expression as described previously (19) . All subsequent steps were carried out at 0 to 4°C. Cells were harvested, washed with 2 liters of 10% (wt/vol) sucrose-20 mM Tris hydrochloride (pH 8.0)-0.5 M NaCI-25 mM EDTA, suspended in 360 ml of 10% sucrose-20 mM Tris hydrochloride (pH 8.0)-0.5 M NaCi-1 mM EDTA, and frozen in liquid nitrogen. The cells were thawed, treated with lysozyme (final concentration, 0.2 mg/ml) for 105 min, and then subjected to two freeze-thaw cycles in liquid nitrogen. Cell debris were removed by centrifugation (32,500 x g for 30 min), and the supernatant was brought to 0.05% polyethyleneimine (Polymin P) and 1 mM phenylmethylsulfonyl fluoride. The extract was clarified by centrifugation at 15,000 x g for 20 min and then adjusted to 50 mM NaCl by 10- A 3.6-liter volume of extract with a protein concentration of 0.6 mg/ml was applied to a 200-ml column of Whatman DE52 DEAE-cellulose equilibrated with buffer A containing 50 mM NaCl. The column was washed consecutively with 3 column volumes of buffer A containing 50, 100, and 300 mM NaCl. Protein from the 300 mM NaCl step (about 1.3 g) was dialyzed against two changes of buffer H (same as buffer A except that buffer H was 20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES)-NaOH [pH 7 .51) containing 50 mM NaCl and then chromatographed on a 200-ml column of Whatman P11 phosphocellulose which was equilibrated with buffer H containing 50 mM NaCl. The column was washed consecutively with 3 column volumes of buffer H containing 50, 300, and 1,000 mM NaCl. Protein from the 1,000 mM NaCI step (30 mg) was dialyzed against buffer H containing 50 mM NaCl.
A DNA affinity column was made by coupling doublestranded DNA containing oligomers of a GCN4-binding site (GGATGACTCATTTTTT) (5) to CNBr-activated Sepharose (Pharmacia Fine Chemicals) essentially as described previously (10) . The 1,000 mM NaCl step fraction from phosphocellulose was chromatographed on a 50-mi oligonucleotide affinity column in the presence of 500 pLg of poly(dIdC) (Sigma Chemical Co.) as described previously (10) . The column was washed with buffer H containing 0.2 M NaCI, and GCN4 was eluted with a linear gradient (10 column volumes) of NaCl (0.2 to 1.0 M) in buffer H. The peak of GCN4 activity, assayed by its ability to shift the electrophoretic mobility of a DNA fragment containing the his3 promoter region (2, 3) , eluted from the column at about 0.5 M NaCI. Fractions containing GCN4 were pooled, dialyzed against buffer H (without protease inhibitors) containing 50 mM NaCl, and concentrated on a 1.0-ml phosphocellulose column. GCN4 was eluted with buffer H containing 20% glycerol and 1.0 M NaCI in the absence of protease inhibitors. From 18 liters of starting culture, 600 jig of GCN4 was obtained. We estimate GCN4 to be 95% pure by analysis of the fraction after separation in a 10% polyacrylamidesodium dodecyl sulfate gel.
Construction of the GCN4 affinity column. GCN4 (50 ,ug) was coupled to CNBr-activated Sepharose essentially as described previously (23) . The final concentration of GCN4 on the column was 1 mg/ml of resin, with the coupling efficiency being greater than 95%.
Selection of oligonucleotides containing GCN4-binding sites. An oligonucleotide containing 23 nucleotides of random sequence DNA flanked by BamHI and PstI recognition sites was synthesized chemically (see Fig. 2 ). 32P-labeled doublestranded oligonucleotide dimers (10 jig) were prepared by mutually primed synthesis at a specific activity of 105 cpm/ ,ug (15) . The oligonucleotide dimers (106 cpm) were suspended in 100 ,ul of buffer C (1 mM dithiothreitol, 10 successful cloning would regenerate the correct translational coding frame for functional P-galactosidase and produce blue colonies. This reverse blue-white screen produced a very low background. No blue colonies were seen in ligations without insert DNA, and all blue colonies characterized from ligations with oligonucleotides contained the expected insertion. Although the white-blue screen might prevent the cloning of certain oligonucleotides, it is very unlikely to introduce a systematic bias into the collection of binding sites. Single-stranded DNAs from 43 blue colonies were generated by superinfection with bacteriophage M13-K07 and sequenced by the chain termination method (21) .
RESULTS
Selection of GCN4-binding sites. We have used a GCN4-Sepharose column to select GCN4-binding sites from random-sequence oligonucleotides. GCN4 was synthesized in E. coli, purified to homogeneity by affinity chromatography, and coupled to CNBr-activated Sepharose. To demonstrate the functional integrity of GCN4 on the Sepharose column and the feasibility of selecting binding sites from random DNA, restriction fragments of a plasmid containing a GCN4 binding site were loaded on the column and eluted with increasing NaCl concentrations. The fragment containing the GCN4-binding site was selectively retained on the column at 500 mM NaCl (Fig. 1) .
Random-sequence oligonucleotides, prepared by mutually primed synthesis (15) (Fig. 2) , were chromatographed on the GCN4-Sepharose column in the presence of carrier DNA as described in Materials and Methods. Nonspecifically bound DNA was eluted from the column by using 400 mM NaCl washes, and the specifically bound oligonucleotides were eluted with 1 M NaCl and then chromatographed through three additional cycles (Fig. 2) . Approximately 2% of the input DNA was present in the initial 1 M NaCl fraction, indicating a purification of about 50-fold. In the three successive cycles of affinity chromatography, we observed eight-, three-, and twofold purification, with a final yield of 0.01% of the input DNA. These affinity-selected oligonucleotides were cloned by using a white-to-blue lacZ screen to identify the correct colonies and then sequenced.
Sequence analysis of GCN4-binding sites. The sequences of the 43 independently derived, affinity-selected oligonucleotides are shown in Fig. 3 . Strikingly, 40 of these oligonucleotides contain a common 7-bp dyad-symmetric sequence, TGA(C/G)TCA, and the remaining 3 contain sequences differing at only one of the seven positions. This 7-bp core sequence was used to align all 43 sequences. By using the alignment in which the C residue in the central position has been chosen arbitrarily, the frequencies of each of the bases at 27 positions around the GCN4-binding element are shown in Fig. 4 . The central base pair is defined as position 0, such that symmetrically disposed base pairs have the same absolute value (positive for positions to the right and negative for positions to the left).
Analysis of the region flanking the core indicates that three more positions on each side (+4, 5, and 6) have nucleotides that occur at frequencies significantly different from those expected by chance, although the preferences at these positions are much less stringent than those at the core (Fig.  4) . A log of the odds (LOD) score of 3.0 in a matrix position D.
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MOL. CELL. BIOL. means that the probability of the observed preferences occurring by chance is 1 in 1,000 and hence represents a significant contribution to the element. The involvement of positions -4, +4, +5, and +6 is well documented, with the -13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 lowest LOD score being 2.8. Positions -5 and -6 are also probably significant, because the nucleotide preferences are symmetrically related to the corresponding positions +5 and +6. At positions farther from the center (±7 and beyond), the frequencies of nucleotide occurrence are essentially random, with the possible exception of positions +10 and -10.
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Although the most preferred nucleotides are the same on each side of the element, the frequencies of the preferred bases are affected significantly according to their side. In the central seven positions, the three deviations from TGAC TCA (Fig. 3, derivatives 25, 30, and 39 ) all occur to the right of the central C. However, beyond these seven positions, this sidedness is reversed (Fig. 4) . The nucleotide preferences of the three outer positions to the right of the center (the sum of the LOD scores for +4, +5, and +6 is 13.1) are stronger than those in the equivalent positions to the left (the sum of the LOD scores for -4, -5, and -6 is 5.9).
DISCUSSION
The GCN4 recognition sequence. In the work described in this paper, we used an in vitro selection method for isolating GCN4-binding sites from random-sequence oligonucleotides. By comparing these binding sites, we can determine the nucleotide sequence requirements for GCN4 binding. A significant deviation from a random distribution of the four nucleotides indicates that a position has an effect on GCN4 binding, and the extent of that deviation is an indication of the magnitude of the effect. Although we have not individually assayed each selected oligonucleotide for a GCN4-binding site, the stringency of the selection and the striking similarity between the sequences indicate that this is the case.
In general, the results obtained by random selection of binding sites agree with those of previous experiments which examined the functionality of mutants of the GCN4 binding site in the wild-type his3 promoter (5) . However, several features of the GCN4 recognition sequence have been refined by this approach. First, it is now clear that the central 7 bp (positions -3 to +3) are the most important for GCN4 binding; previously, positions +4 and -4 were proposed to be nearly as important. Second, sequence preferences at positions ±4, +5, and ±6 have been established, indicating that the GCN4 recognition site extends for 13 bp. Third, the results confirm the previous suggestion that the GCN4 site is inherently asymmetric (5, 8) . In this regard, it is noteworthy that the binding site in the wild-type his3 promoter has its 0 +1 +2 +3 +4 +5 +6 +7 +8 +9 +10 +11 +12 +13 indicates the total number of nucleotides in each position, and LOD indicates the loglo of the probability that the nucleotides would have the observed pattern if distributed randomly (17) . A LOD of 3.0 would occur in 1 of 1,000 positions if the nucleotides were distributed randomly. The probability of observing 43 9, 1989 single deviation to the right of the central base pair and that mutations at +4 have stronger effects on DNA binding than do symmetrical mutations at -4 (5).
The binding sites generated in our work by selection in vitro allow one to differentiate between sequences that are necessary for protein binding and those that are associated with the in vivo binding sites for other reasons. The GCN4-binding site in the his3 promoter contains eight consecutive dT-dA residues just downstream from the core, and other wild-type GCN4-binding sites show a preference for downstream dT-dA base pairs (5). Moreover, deletions into the his3 dT-dA region can reduce the level of transcriptional activation by GCN4 (5) . The results here indicate that the dT-dA residues are unlikely to be important for the inherent ability of GCN4 to bind to DNA and hence that they may play some other role in vivo.
The specificity observed in the selected GCN4-binding sites was greater than that seen in natural yeast promoters whose transcription is regulated by GCN4 (5 The extreme sequence preference in the 7-bp core suggests that all these positions are involved in direct contact with GCN4. The more modest effects at the adjacent positions may also reflect direct contacts to GCN4, but presumably these would contribute less to the overall affinity. Alternatively, these outside positions might affect GCN4 binding by a more indirect mechanism, such as observed in the interaction between the bacteriophage 434 repressor and the center of its operator (12) . The importance of the central C G base pair and the asymmetry of the GCN4 recognition sequence strongly support the model that GCN4 dimers bind to nonequivalent half-sites (5, 8) . It seems likely that asymmetrical contacts made with the central C G base pair cause the GCN4 dimer to be shifted from the center of the site. In the 7-bp core, GCN4 probably interacts more avidly with the left half-site (positions -1, -2, and -3) than with the right half-site (positions +1, +2, and +3), because deviations generally occur to the right of the central base. Support for the hypothesis that the left GCN4 monomer interacts with the central C G base pair comes from the fact that GCN4 can bind the sequence TGACGTCA but not TGAGCTCA (J. W. Sellers and K. Struhl, manuscript in preparation). In contrast to the relative importance of the left side of the core, flanking positions in the right half-site (positions +4, +5, and +6) contribute more to GCN4 binding than equivalent positions in the left half-site (positions -4, -5, and -6) do, perhaps to compensate for the relative weakness of the right side of the core.
Comments on the random-selection method. An important consideration in applying the random-selection method is the specificity of the protein-binding site, i.e., the frequency of the site in random-sequence DNA. A mathematical analysis A. indicates that the method described here should be generally applicable for defining the nucleotide sequence recognition properties for many DNA-binding proteins (Fig. 5) However, elements whose sites occur very rarely in random-sequence DNA may be more difficult to characterize. The two problems that are encountered with these elements involve the ability to purify the rare sequences that are bound and the ability to clone the remaining small quantities of DNA. However, since repeated selections for very specific elements should still yield a significant number of molecules, the DNA could be amplified between selections by using the polymerase chain reaction (20) . An oligonucleotide hybridizing to the 5' end of the oligonucleotide dimers created by the mutually primed synthesis reaction (Fig. 2B) could be used as a primer for the polymerase chain reaction. The final selections would be done without amplification after dimers were reduced to monomer oligonucleotides. Repeated selections and amplifications involving the use of the polymerase chain reaction would allow sites with a very high specificity to be accurately defined. Alternatively, a less stringent selection could be performed to isolate oligonucleotides containing nonoptimal binding sequences. Although the selected binding sites will have a lower affinity for the protein, statistical analysis should still reveal the commonly occurring sequences, even if the specificity is distributed over many positions.
If the restriction endonuclease sequences at the edge of the random-sequence DNA contain a portion of the genetic element, the selected elements will be found predominantly in a fixed position with respect to one end of the oligonucleotide. With the GCN4-binding sites shown in Fig. 3 , there is no such association with either end of the random-sequence region. If such a problem arose, the experiment could be repeated with other restriction endonuclease sites to clone the random-sequence DNA.
These results of using a protein affinity column show that the selections were suitable for purifying the rare oligonu-MOL. CELL. BIOL.
cleotides which contain a binding site. Other techniques for isolating protein-DNA complexes may work equally well. The protein-DNA complexes might be isolated from free oligonucleotides by filter binding, by immunoprecipitation with antibodies to the DNA-binding protein (9) , or by gel isolation of the DNA-protein complexes (2, 3) . The protein preparation used for complex formation does not have to be pure, but it must not contain other DNA-binding proteins or DNA-modifying enzymes, which would affect the clonability of the oligonucleotides.
The success of this approach in rapidly and accurately defining the specificity of the GCN4-binding site indicates that the method can be used as a part of the standard classification of most DNA-binding proteins and will contribute to defining the structure and function of these protein-DNA interactions. Knowledge of the optimal binding site for DNA-binding proteins will also facilitate their rapid cloning by probing expression libraries with oligonucleotides containing optimal binding sites (22, 25) . With the rapid accumulation of sequence data, it will be important to be able to predict functions associated with particular sequences. The nucleotide-use matrices generated by random selection can define a genetic element such that its presence in other DNAs can be accurately predicted. In addition, the method described here should be useful for selecting binding sites from genomic DNA that might represent in vivo targets of the protein.
